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Advances in genome studies have shown that eukaryotic genomes
contain a signiﬁcant proportion of repetitive DNA sequences. In plant
genomes, repetitive sequences are widespread and responsible for the
heterogeneity in genome size and composition [1]. For example, the
maize genome contains approximately 2500 Mbp of DNA, 58–80% of
which is estimated to be repetitive [2]. Approximately 90% of the
4000 Mbp of the Aegilops tauschii genome, which contributes the D
genome of bread wheat, is repetitive [3], and even the comparatively
small genome of the model plant Arabidopsis thaliana (146 Mbp)
contains ~25% repeat sequence (reviewed in Thompson et al. [4]).
RepetitiveDNA sequences include tandemrepeats, dispersed repeats,
retroelements, and rDNAs. Tandemly arrayed repetitive DNA sequences,
known as satellite DNA, are ubiquitous and are representative constitu-
ents of all eukaryotic genomes. Satellite DNA contains repetitions of a
basic monomeric unit, which is 180- to 360-bp long, and appears to beplentiful in heterochromatin in centromeric and telomeric regions [5].
Satellite DNAs are expanded on a chromosome by mutational processes
such as replication slippage or unequal crossover which are likely to be
the major driver of concerted evolution [5], and subsequently ﬁxed.
Interestingly, centromeric satellite DNA is known to have diverged
signiﬁcantly, not only between chromosomes within the same species,
but also among a group of closely related higher eukaryotic species [5,6],
suggesting rapid evolutionary patterns of centromeric DNA. Although no
deﬁned biological function has been established, satellite DNA may be
involved in genome stability [5]. In particular, it has been demonstrated
that centromeric satellite DNA is involved in centromere function via
binding to centromere speciﬁc proteins, and the DNA and protein
components speciﬁc to centromeric chromatin are evolving rapidly
[5–7].
Another type of repetitive sequence, the mobile or transposable
elements (TEs), is interspersed throughout the genome. TEs form a
major component of plant genomes and are classiﬁed as class I, which
transpose via an RNA intermediate, and class II, which transpose via a
DNA intermediate. TEs contribute signiﬁcantly to size variation between
plant genomes. For the grasses, the portion of the genome contributed
by long terminal repeat (LTR)-retrotransposons increases with genome
size from rice, (14% of 430 Mbp) to maize (50–80% of 2500 Mbp) to
barley (N70% of 4800 Mbp) [8]. TEs promote chromosomal rearrange-
ments by transposition or illegitimate recombination as well as minor
genomic variation through excision and insertion [9].
Table 1
Details of the Brassica species and R. sativus used in this study.
Species Genome
type
Chromosome
number (2n)
Accession
numbera
B. rapa ssp. pekinensis (Chinese cabbage) AA 20 241001
B. rapa ssp. oleifera (turnip) AA 20 25023
B. rapa var. brown sarson (brown sarson) AA 20 24026
B. nigra (black mustard) BB 16 24018
B. oleracea ssp. capitata (cabbage) CC 18 26036
B. oleracea ssp. italica (broccoli) CC 18 26035
B. oleracea ssp. botrytis (cauliﬂower) CC 18 26037
B. oleracea ssp. acephala (kale) CC 18 26034
B. juncea ssp. varuna (Indian mustard) AABB 36 24046
B. juncea ssp. rugosa (Chinese mustard) AABB 36 26038
B. napus (rapeseed) AACC 38 24034
B. carinata (Abyssinian mustard) BBCC 34 24017
R. sativus (radish) RR 18 26039
a The plant materials used in this study were donated by the Korea Brassica Genome
Resource Bank (KBGRB) (http://www.brassica-resource.org/).
174 D.-H. Koo et al. / Genomics 97 (2011) 173–185Brassica species, within the Brassicaceae family, are economically
important sources of vegetable oil, fresh andpreserved vegetables, and
condiments. The genetic relationship of the different diploid and
amphidiploid cultivated Brassica species is described by the triangle of
U [10]. Of the six widely cultivated species of Brassica, B. rapa (AA,
2n=20), B. nigra (BB, 2n=16), and B. oleracea (CC, 2n=18) are
monogenomic diploids. The remaining three species, B. juncea (AABB,
2n=36), B. napus (AACC, 2n=38), and B. carinata (BBCC, 2n=34),
are allopolyploids, which have evolved as a result of hybridization
between different monogenomic diploids [10]. Brassica species are
closely related to A. thaliana have diverged from a common ancestor
14.5–20.4 million years ago [11]. Comparative genetic and physical
mapping between Brassica species and A. thaliana identiﬁed co-linear
chromosome segments, conserved gene order, and a high degree of
sequence conservation albeit with some variation in gene content
throughdeletion, insertion, or dramatic chromosomal rearrangements
and alterations since their divergence [12,13]. Compared to A. thaliana,
however, the diploid Brassica genomes have been extensively
triplicated with frequent genomic rearrangements [12,13] with an
increased repetitive DNA fraction [12].
In addition to the comparative survey of coding regions between
Brassica and Arabidopsis or among Brassica species, comparative
analyses of the non-coding regions of the genome, represented
primarily by repetitive DNA sequences, is of interest for the under-
standing of global genome evolution since Brassica species diverged
from a common ancestor; however, little is known about the
evolutionary relationship distribution and organization of repetitive
elements within Brassica and closely related species. To address these
questions, the isolation and characterization of corresponding
sequences and assessment of their distribution within the related
species are required. For global genome analysis, molecular cytogenetic
methods, such as ﬂuorescence in situ hybridization (FISH), are very
powerful. Using FISH, the chromosomal localization of rDNAs [14],
centromere-related tandem satellite DNAs (i.e. CentBr) [15–18], and
B-genome-speciﬁc dispersed repetitive sequences [19], as well as the
incorporated location of exogenous chromatin [20], have been studied
in the Brassica genome. The Ty1/copia- and Ty3/gypsy-like retro-
transposons have also been localized on chromosomes of both
B. oleracea and B. rapa [17,21]. Moreover, this technology is likely to
allow an insight into the evolution of repetitive DNAs among closely
related species; changes in the number of rDNA loci in Brassica
amphidiploids [14] and lack of CentBr repeats in B. nigra in contrast
with their localization in pericentromeres of B. rapa and B. oleracea [18].
In this study, we report the molecular and cytogenetic characteriza-
tion of themajor repetitiveDNAs that are conserved inpericentromeres,
subtelomeres, and telomeres of Brassica species. Moreover, the
conservation and divergence of the repetitive DNAs in the tribes
Brassiceae (Brassica species and Raphanus sativus) and Camelineae
(A. thaliana) were examined. Our results illustrate the organization and
evolutionary dynamics of the primarily heterochromatic repetitive
DNAs in Brassica species and the related species, R. sativus.
2. Materials and methods
2.1. Plant materials and genomic DNA isolation
Details of the Brassica species and R. sativus used in this study are
listed in Table 1. Genomic DNAwas isolated from young leaves using a
standard CTAB (cetyltrimethylammonium bromide) protocol [22].
2.2. Isolation of repetitive DNA
Two B. rapa BAC clones (KBrH77C11 and KBrH77I01) that
produced a ladder pattern that is typical of highly repetitive DNAs
were identiﬁed during restriction digestion ﬁngerprinting with
HindIII (Supplementary data Fig. S1). These BAC clones also exhibitedstrong FISH signals at the pericentromeres of B. rapa (Fig. S2). In
particular, KBrH77C11 and KBrH77I01 were found to hybridize
speciﬁcally to eight and two chromosomes pairs, respectively, in a
manner consistent with the chromosomal position pattern of CentBr1
and CentBr2 reported previously [17,18]. The two BAC DNAs were
digested with HindIII and size-fractionated by electrophoresis to
produce two fragments approximately 176 bp and 352 bp in size on
an agarose gel. The BAC DNAs were also digested with BamHI, EcoRI,
and Sau3AI. After size-fractionation, the 176-bp and the 352-bp
fragments were cloned. The tandem repeats cloned from KBrH77C11
and KBrH77I01were designated as CentBr1 and CentBr2, respectively,
according to a previous report [17].
Two Ty1/copia-like and Ty3/gypsy-like retrotransposons
KBrH143L07e (GenBank accession number BZ613967) and
KBrH143E08a (GenBank accession number BZ613814) were identiﬁed
from a BAC end sequence database using BLAST [23]. The repeats were
ampliﬁed by PCR using speciﬁc primers (KBrH143L07e: 5′-GCTTGG-
CTGTGAACCTTGGA-3′ and 5′-GATCAAGTGTATACTTCCT-3′) and
(KBrH143E08a: 5′-ATAGAGCTTGTGTTCCCGTA-3′ and 5′-TGCAC-
CAGTCCTCTTTGTGA-3′) to produce 493-bp and 437-bp fragments,
respectively. The products were cloned into the pGEM-T-Easy vector
(Promega) according to the manufacturer's instructions, and these
constructs were designated pBct and pBgt. A telomeric repeat
oligonucleotide (TTTAGGG)n was synthesized according to [24].
A 348-bp B. nigra tandem repeat (GenBank accession number
X16587) was identiﬁed from GenBank. This repeat was ampliﬁed by
PCR, using the oligonucleotide primers 5′-GATCCTCCCCTTACATATTA-3′
and 5′-TTTTATTGCATAGTTGG-3′ from each of the diploid species
studied. The ampliﬁed fragments from B. rapa, B. nigra, and B. oleracea
were cloned into the pGEM-T-Easy vector (Promega) and designated
pBrSTR, pBnSTR, and pBoSTR, respectively.
2.3. Chromosome preparation and FISH
Details of the repetitive DNA, which was used for FISH probes, are
listed in Table 2. Probes were labeled with digoxigenin-11-dUTP or
biotin-16-dUTP by nick translation or PCR according to standard
protocols (Roche). The preparation of mitotic metaphase chromosomes
and FISH hybridization were as previously described [16].
2.4. Fiber-FISH
Leaf nuclei were prepared as described by Jackson et al. [25]. A
suspension of nuclei was deposited at one end of a poly-L-lysine-coated
slide (Sigma) and permitted to air-dry for 10 min. STE lysis buffer (8 μL)
was pipetted onto the slide, and the sample was incubated at room
temperature for 4 min. A clean cover-slip was used to slowly drag the
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glacial acetic acid (3:1) for 2 min, and baked at 60 °C for 30 min. The
slide was then incubated with a labeled probe mixture, covered with a
22-mm×40-mm cover-slip and sealed with rubber cement. The slide
was placed in an 80 °C oven in direct contact with a heated surface for
3 min and transferred to a wet chamber, pre-warmed in an 80 °C oven,
for 2 min. The slide was then transferred to 37 °C for overnight
incubation. Post-hybridization washing and signal detection were
performed according to KOO et al. [16].
2.5. Southern hybridization
Genomic DNA was digested with HindIII or DraI, fractionated on a
0.8% agarose gel, and transferred to a Hybond-N nylon membrane
(Amersham Biosciences). The [α-32P]-labeled probes were hybridized
to the membranes in 5× SSC, 5× Denhardt's, with 0.5% SDS at 68 °C for
12 h. The membranes were washed twice with 2× SSC and 1% SDS at
room temperature, followed by washing with 0.1× SSC and 0.1% SDS
at 60 °C for 30 min. Signals were detected by autoradiography [22].
2.6. DNA sequencing and sequence analysis
Nucleotide sequences of CentBr, pBrSTR, pBnSTR, and pBoSTRwere
determined using an automatic DNA sequencer (ABI377). Sequences
were processed using phred [26] (i.e., base-calling, sequence quality
check, and trimming of low-quality regions), and vector sequences
were masked using cross-match (http://www.genome.washington.
edu). After such pre-processing, redundant or partial (caused by
sequence trimming) reads were removed by comparison with each
other. Satellite repeat sequences were aligned using ClustalW (http://
www.ebi.ac.uk/Tools/clustalw). A phylogenetic tree was generated
using MEGA4 software (http://www.megasoftware.net) using the
neighbor-joining method and the Tajima-Nei nucleotide substitution
models. Bootstrap values were calculated from 1000 replicates. All
satellite repeats sequenced have been submitted to GenBank
(accession numbers EU294374–EU294389).
3. Results
3.1. Sequence divergence of 176-bp centromeric tandem satellite repeats
(CentBr1 and CentBr2) found in B. rapa
B. rapa pericentromeres are known to be predominantly composed of
two formsof 176-bp tandemrepeats, termedCentBr1 (predominantly on
eight chromosome pairs) and CentBr2 (on two chromosomes pairs)Table 2
Summary of repetitive DNAs used as probes in this study.
Clone name Source Size (bp) Remarka
CentBr1 KBrH077C11b 176 Brassica/Raphanus centromeric
satellite repeat (including HindIII site)
CentBr2 KBrH077I01b 176 Brassica/Raphanus centromeric satellite
repeat (including HindIII and Sau3AI sites)
pBct KBrH143L07b 493 Brassica/Raphanus pericentromere-
associated Ty1/copia-like retrotransposon
pBgt KBrH143E08b 437 Brassica/Raphanus pericentromere-
associated Ty3/gypsy-like retrotransposon
pBrSTR B. rapa
genomic DNA
352 B. rapa subtelomeric satellite repeat
pBnSTR B. nigra
genomic DNA
338–339 B. nigra subtelomeric satellite repeat
pBoSTR B. oleracea
genomic DNA
353–354 B. oleracea subtelomeric satellite repeat
Telomere
sequence
synthetic
(TTTAGGG)n
probe
COX et al. (1993)
a Described in Results and discussions of this article.
b Derived from the KBrH BAC library.[17,18].Weperformed a comparison ofmonomeric CentBr1 andCentBr2
sequences to investigate their divergence in the genome of B. rapa. We
sequenced ﬁve 176-bp and one 352-bp fragments of HindIII-digested
clones derived from KBrH077C11 and KBrH077I01, respectively. The
176 bp of monomeric repeats were compared with consensus CentBr1
and CentBr2 sequences generated from 198 490 B. rapa genome-wide
BAC-end sequences, which were collected from the genome survey
sequence (GSS) database of GenBank. The multiple sequence alignment
revealed that the repeats derived from the distinct KBrH077C11 and
KBrH077I01 were deﬁnitely classiﬁed into CentBr1 and CentBr2 clades,
respectively (Fig. 1). Sequence identities in both clones were an average
of 93.4% and 93.7%, respectively (Table S1); however, the similarity
between the twocloneswas84.6% (Table S1). This difference is due to the
presence of SNPs in 10 positions, representing four transversions (α) and
six transitions (β) (Fig. 1). Moreover, CentBr2 repeats contained both
HindIII (AAGCTT) and Sau3AI (GATC) endonuclease recognition sites,
while the Sau3AI site was absent from CentBr1 (Fig. 1). In the restriction
enzyme digestion assay, the BAC clone KBrH077I01 was digested by
Sau3AI as well as HindIII, but KBrH077C11 was digested only by HindIII
(Fig. S3), indicating a different biaseddistributionof CentBr repeats in the
large inserted genomic DNAs. In conjunction with this ﬁnding,
KBrH077C11 and KBrH077I01 were identiﬁed to speciﬁcally hybridize
to eight and two chromosome pairs, respectively (Fig. S2). Thus, we
suggest that the presence of the Sau3AI recognition site and the
distinctive SNPswithin the CentBr repeats can be an important hallmark
for the divergence from the genome of B. rapa. Such differences between
the CentBr1 and CentBr2 repeats were also identiﬁed in their dimeric
repeats (352 bp; Fig. S4).3.2. CentBr1 and CentBr2 are differentially distributed in Brassica species
and R. sativus
To assess the broader conservation of CentBr tandem repeats, we
examined various Brassica species and R. sativus using a combination
of FISH and Southern blot hybridization (Table 3). The CentBr repeats
are highly conserved in the closely related B. rapa/B. oleracea lineage,
and this ﬁnding was conﬁrmed with Southern blot hybridization data
(Fig. S5). The CentBr repeats are also conserved in the genome of
R. sativus, which belongs to the B. rapa/B. oleracea lineage [13],
although the CentBr FISH signals were very weak (Fig. 2; Fig. S5).
CentBr repeats were not identiﬁed in the genome of the more
distantly related B. nigra or in the B. nigra-derived genomes of the
amphidiploid species B. juncea and B. carinata (Fig. 2; Fig. S5). This
result suggests that Brassica centromeric repeats have diverged
during the evolution of the B and A/C-genome lineages.
An examination of CentBr repeats in different subspecies of
B. oleracea revealed signiﬁcant variation (Fig. 2; Table 3). CentBr FISH
signals were observed on all chromosomes of cabbage and broccoli;
however, these signals were absent from one chromosome pair of
cauliﬂower and two chromosomepairs of kale (Figs. 2B–E). For CentBr1,
cabbage, broccoli, and cauliﬂower exhibited strong FISH signals in seven
of the nine chromosome pairs, while kale only exhibited strong signals
in six chromosome pairs (Figs. 2B1–E1). CentBr2 FISH signals were also
highly variable between B. oleracea subspecies, and the repeats were
more abundant in cabbage and cauliﬂower (Figs. 2B2–E2). Different
subspecies of B. juncea also showed a signiﬁcant variation in CentBr FISH
signals on the A-genome-derived chromosomes. CentBr1 signals in
Chinese mustard were strongly detected on all 10 chromosome pairs
derived from the A genome (Fig. 2G1); however, only 6 of the 10
A-genome-derived Indian mustard chromosome pairs demonstrated a
strong signal,while the remaining four chromosomepairs showedweak
hybridization (Fig. 2H1). CentBr2 FISH signals were also polymorphic
between these specieswith two and one chromosomepairs hybridizing
in Indian mustard (arrows in Fig. 2G2) and Chinese mustard,
respectively (arrows in Fig. 2H2).
Fig. 1.Multiple-sequence alignment of CentBr1 and CentBr2 repeats. Conserved regions are shown inwhite on a black background. In themultiple alignment, nucleotide transversions
and transitions are indicated by α and β, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 3
The number of FISH hybridization sites in CentBr1, CentBr2, pBct, and pBgt identiﬁed on
chromosomes of Brassica species and R. sativus.
Species CentBr1 CentBr2 pBct pBgt
S W N S W N S+W N S+W N
B. rapa ssp. pekinensis 16 4 0 4 16 0 20 0 6 14
B. rapa ssp. oleifera 16 4 0 4 16 0 ND 0 ND 0
B. rapa var. brown sarson 16 4 0 4 16 0 ND 0 ND 0
B. nigra 0 0 16 0 0 16 0 16 8 8
B. oleracea ssp. capitata 14 4 0 12 6 0 18 0 0 19
B. oleracea ssp. italica 14 4 0 16 2 0 ND 0 ND 0
B. oleracea ssp. botrytis 14 2 2 4 12 2 ND 0 ND 0
B. oleracea ssp. acephala 12 2 4 6 8 4 ND 0 ND 0
B. juncea ssp. varuna 12 8 16 4 16 16 32 4 2 34
B. juncea ssp. rugosa 20 0 16 2 18 16 ND 0 ND 0
B. napus 28 10 0 8 30 0 38 0 6 32
B. carinata 12 6 16 12 6 16 28 6 2 32
R. sativus 0 12 6 0 18 0 12 6 4 16
S, strong signal; W, weak signal; N, no signal; ND, not determined.
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crucifer taxa
Centromeric satellite repeats of related species including Brassica
species [27,28], R. sativus (177 bp) [29],Diplotaxis erucoides (176 bp) [30],
Sinapsis arvensis (175 bp; from GenBank accession no. X74830), A.
thaliana (178 bp of pAL1) [31], A. arenosa (179 bp of pAa) [31], A. halleri
ssp. gemmifera (169 bp of pAge1 and 178 bp of pAge2) [32], A. lyrata
(175 bp) [33], Turritis glabra (173 bp and 179 bp) [34], Capsella rubella
(168 bp) [35], Sisymbrium irio (219 bp) [35], and Olimarabidopsis pumila
(178 bp) [35], were identiﬁed within the GenBank nucleotide database
andassembled toexamine theirdivergence in theBrassicaceae family. The
sequence comparison revealed that centromeric repeats in the tribe
Brassiceae represented by Brassica spp., D. erucoides, R. sativus, and
S. arvensis, are highly conserved with 71–85% sequence identity and
similar repeat lengths. In contrast, centromeric repeats from Arabidopsis
spp., C. rubella, S. irio, and O. pumila are highly divergent. Here, although
Sisymbrium species were found to be clustered together with Brassiceae
[36], no sequence similaritywas foundbetweenBrassica species and S. irio,
classifying them into different distant clades. These results were
Fig. 2. FISHmapping of CentBr1 (green) and CentBr2 (red) repeats onmitotic metaphase chromosomes of Brassica species and R. sativus. (A) B. rapa ssp. pekinensis. (B) B. oleracea ssp.
capitata. (C) B. oleracea ssp. italic. (D) B. oleracea ssp. botrytis. (E) B. oleracea ssp. acephala. (F) R. sativus. (G) B. juncea ssp. rugosa. (H) B. juncea ssp. varuna. (I) B. carinata. (J) B. napus.
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clades (Fig. 3).
Highly conserved sequence identity and similar repeat lengths
(Brassica spp., D. erucoides, R. sativus, and S. arvensis), and highly
divergent centromeric repeats (Arabidopsis spp., C. rubella, S. irio, and
O. pumila) were identiﬁed by sequence comparison. This result
demonstrates that there is a contrasting fashion between inter-tribal
collinearity [13] and the dynamics of centromeric satellite DNAs. This
result also showed that CentBr repeats rapidly evolved with
conservation only within the tribe Brassiceae. Similar results have
been reported previously for the grass family [7].
3.4. Chromosomal localization of rDNA sites in Brassica species and R.
sativus
The chromosomal localization of 5S and 45S rDNAs was identiﬁed
in Brassica and Raphanus species via FISH mapping and the results are
summarized in Table 4. The 5S and 45S rDNAs are localized in thepericentromeric heterochromatin regions of all the species, while 45S
rDNAs are also localized in nucleolar organizer regions (NORs)
(Table 4; Fig. S6). Each of the species demonstrated a distinct number
of rDNA sites (Fig. S6). The distribution of 5S and 45S rDNA sites in
subspecies of B. oleracea varied (Table 4). Six sites were identiﬁed in
cabbage and cauliﬂower, of which, four sites were subtelomeric in the
short arms of the acrocentric chromosomes and two sites were in the
pericentromeric regions of the long arm of the NOR bearing
chromosome (Table 4; Fig. S6). However, only the four subtelomeric
sites were identiﬁed in broccoli and kale and the 45S rDNA sites were
not detected in these subspecies.
The conservation of 5S or 45S rDNA sites was further studied in
allotetraploid Brassica species. The relative number of 5S rDNA sites
increased in B. napus across six chromosome pairs, while it decreased in
B. carinata with loss of two 5S rDNA sites from the C genome (Table 4;
Figs. S6F1 and S6G1). There was a general loss of 45S rDNA sites within
B. juncea (Table 4; Fig. S6E2), while 45S rDNA sites in B. napus and
B. carinata appear to be conserved or lost dependingon the source of the
Fig. 3. Phylogeny of centromeric satellite repeats of nine genera belonging to Brassicaceae. After consensus, centromeric satellite repeats, which were determined by examining the
most frequent nucleotide at each position of the centromeric satellite repeats of the corresponding species, were multiple-aligned. The phylogenetic tree was generated using the
neighbor-joining method using the Tajima-Nei nucleotide substitution model.
178 D.-H. Koo et al. / Genomics 97 (2011) 173–185diploid species (Table 4). The result shows that allotetraploid Brassica
species appear to have undergone rapid genomic change, in rDNA sites,
associated with allotetraploidization.
3.5. Identiﬁcation of pericentromere-associated retrotransposons in Brassica
and R. sativus
To examine the additional repeat structures within the Brassiceae
genomes, we identiﬁed common retrotransposons from B. rapa BAC
clones and studied their chromosomal locationsusing FISH. TheBAC clone
KBrH143L07 was observed to exclusively hybridize to pericentromeric
regions of all 10 chromosome pairs, while KBrH143E08 hybridized to
those of three chromosome pairs (Fig. S7). An end sequence (GenBank
accession number BZ613967) derived from the BAC clone KBrH143E08Table 4
Location and number of 5S and 45S rDNA sites for Brassica species and R. sativus.
Species No. of chromosomes
with 5S rDNA
Location of
5S rDNA
No. of chromosomes
with 45S rDNA sites
(No. of sites) (No. of sites) (No. of sites)
B. rapa ssp. pekinensis 6 (6) PHa (6) 10 (10)
B. nigra 2 (2) PH (2) 6 (6)
B. oleracea ssp. capitata 2 (4) PH (4) 4 (6)
B. oleracea ssp. botrytisc 2 (4) PH (4) 4 (6)
B. oleracea ssp. italicac 2 (4) PH (4) 4 (4)
B. oleracea ssp. acephalac 2 (4) PH (4) 4 (4)
B. juncea ssp. varuna 8 (8) PH (8) 14 (14)
B. juncea ssp. rugosac 8 (8) PH (8) 14 (14)
B. napus 12 (16) PH (16) 14 (14)
B. carinata 4 (4) PH (4) 10 (10)
R. sativus 4 (4) PH (4) 6 (6)
a PH: pericentromeric heterochromatin.
b NOR: nucleolar organizer region.
c Not shown in Supplementary Fig. S6.showed high sequence similarity (E-value of 5e-87 in TBLASTX search)
with the CRB (Centromeric Retrotransposon of Brassica) polyprotein [18],
a Ty1/copia-like retrotransposon. A 437-bp subsequence of this sequence
was subcloned and designated pBct. Another end sequence (BZ613814)
derived from the corresponding BAC clone also demonstrated high
sequence similarity (E-value of 1e-101 in TBLASTX search) with the
reverse transcriptase of PCRBr1b (Peri Centromeric Retrotransposons of
B. rapa-1b), a Ty3/gypsy-like retrotransposon [18]. A 471-bp subsequence
was subcloned and designated as pBgt.
Conservation and chromosomal location of these two retro-
transposons were determined in Brassica species and R. sativus
using Southern blot hybridization and FISH (Table 3). These studies
showed that pBct is highly conserved in the centromere-proximal
regions of Brassica A/C genome species and R. sativus (Fig. 4; Fig. S5);Location of
45S rDNA
No. of chromosomes
with either two 5S
or two 45S rDNA loci
closely adjacent in a
chromosome
No. of chromosomes
with 5S and 45S rDNA
loci in the same chromosome
(No. of sites)
NORb (2)+PH (8) – 4
NOR (4)+PH (2) – –
NOR (4)+PH (2) 2 (45S rDNAs), 2 (5S rDNAs) –
NOR (4)+PH (2) 2 (45S rDNAs), 2 (5S rDNAs) –
NOR (4)+PH (0) 2 (5S rDNAs) –
NOR (4)+PH (0) 2 (5S rDNAs) –
NOR (6)+PH (8) – 4
NOR (6)+PH (8) – –
NOR (6)+PH (8) 4 (5S rDNAs) 12
NOR (8)+PH (2) – –
NOR (2)+PH (4) – 2
179D.-H. Koo et al. / Genomics 97 (2011) 173–185however, while pBct hybridization was detected in B. nigra using
Southern hybridization, no hybridization was detected using FISH,
reﬂecting the lower sensitivity of the FISH method and the low
abundance of pBct in the B. nigra genome (Fig. S5). In contrast, pBct
hybridization was detected in the centromere-proximal regions of the
B genome chromosomes in B. juncea and B. carinata (Figs. 4G and I).
The pBgt was highly conserved in centromere-distal regions of
Brassica species and R. sativus with the exception of the C-genome
(Fig. 4; Fig. S5). Interestingly, the number of pBgt sites observed in
B. juncea and B. carinata was reduced compared with the number of
sites in the two diploids, B. rapa and B. nigra (Figs. 4J and L; Table 3).
This result suggests that genomic changes are associated with
polyploidization.Fig. 4. FISHmapping of pBct and pBgt on themitotic metaphase chromosomes of Brassica spe
(F) R. sativus. (E) B. nigra. (G) and (J) B. juncea ssp. varuna. (H) and (K) B. napus. (I) and (L) B
pBgt repeats were hybridized to (D)–(F) and (J)–(L) chromosomes. (M) Fiber-FISH analysis
ﬁbers prepared from B. rapa. Fiber-FISH signals indicate highly variable densities of pBct wThe location of pBct and CentBr repeats were also analyzed using
ﬁber-FISH (Fig. 4M), and these studies revealed that pBcts are inserted
into CentBr arrays. The size of the pBct repeats was estimated to be
approximately 3–6 kb (representing≈1–2 μm in ﬁber-FISH; Fig. 4M).
Co-signals for pBgt and CentBr were either very weak or not observed.
3.6. Identiﬁcation of subtelomeric tandem repeats in diploid Brassica species
We recently identiﬁed an uncharacterized tandem repeat sequence
in B. nigra (GenBank accession number X16587; 348 bp) within the
GenBank nucleotide database by sequence identity with known
subtelomeric repeats. PCR analysis demonstrated that this repeat
sequence is conserved across theBrassicaA, B, andC genomes; however,cies and R. sativus. (A) and (D) B. rapa ssp. pekinensis. (B) B. oleracea ssp. capitata. (C) and
. carinata. The pBct repeats were hybridized to (A)–(C) and (G)–(I) chromosomes, and
conducted by hybridizing the probes CentBr1 (red) and pBct (green) to extended DNA
ithin the CentBr1 arrays. The yellow arrows indicate FISH signals for pBct or pBgt.
180 D.-H. Koo et al. / Genomics 97 (2011) 173–185the repeat failed to amplify from R. sativus or A. thaliana, yielding only
faint and smeary products (Fig. S8). The PCR ampliﬁcation products
were cloned, sequenced, and designated as pBrSTR, pBnSTR, and
pBoSTR. Sequence similarity among the three repeats was relatively
high (approximately 76–87%), with 27% GC content (Fig. 5A; Table S2).
Among these repeats, the regions from 1 to 60 bp and 321 bp to the end
of the regionwere highly conserved. The intermediate region, especiallyFig. 5.Multiple-sequence alignment (A) and phylogeny (B) of tandem satellite repeats, pBrST
capitata, respectively.from 80 bp to 320 bp, however, contained signiﬁcant nucleotide
substitutions and a few insertions/deletions (InDels; Fig. 5A). These
nucleotide changes may be responsible for the divergence of pBnSTR
and other repeats (Fig. 5B). Each repeatwas hybridized to genomicDNA
from each of the four species, B. rapa, B. nigra, B. oleracea, and R. sativus,
and then digested with DraI. The resultant ladder pattern resembles
the typical tandem repeat DNA structure (Fig. 6A). Under stringentR, pBnSTR, and pBoSTR, isolated from B. rapa ssp. pekinensis, B. nigra, and B. oleracea ssp.
Fig. 6. Genomic organization and chromosomal localization of pBrSTR, pBnSTR, and pBoSTR. (A) The following samples were used for Southern blot hybridization: (M) size marker,
(1) B. rapa ssp. pekinensis, (2) B. nigra, (3) B. oleracea ssp. capitata, and (4) R. sativus. Genomic DNAs were digested with DraI, separated, and transferred onto nylon membranes. The
ﬁlters were hybridized with pBrSTR (A1), pBnSTR (A2), and pBoSTR (A3). (B) Chromosomal localization of pBrSTR, pBnSTR, and pBoSTRwere performed onmetaphase chromosomes
of B. rapa (B1), B. nigra (B2), and B. oleracea (B3), respectively. The white arrows indicate FISH signal on one arm of a chromosome, and the green arrows indicate FISH signal on both
arms of a chromosome.
181D.-H. Koo et al. / Genomics 97 (2011) 173–185hybridization conditions, pBrSTR was hybridized to B. rapa (Fig. 6A1),
while pBnSTR speciﬁcally hybridized to B. nigra (Fig. 6A2). No
hybridization to R. sativus was detected; however, pBoSTR was
simultaneously speciﬁc for both B. rapa and B. oleracea. Each repeat
was also hybridized to mitotic metaphase chromosomes of the
corresponding species and detected using FISH. Both pBrSTR and
pBoSTR were localized to the subtelomeric regions within one arm of
three chromosome pairs for B. rapa and B. oleracea, respectively
(Figs. 6B1 and B3). B. nigra pBnSTR hybridized to subtelomeric regions
onone armof two chromosomepairs aswell aswithin both the longand
short arms for two chromosome pairs (Fig. 6B2). Neither pBrSTR nor
pBoSTR hybridized to chromosomes of B. nigra.
The divergence of the pBrSTR repeats in the B. rapa genome was
examined by analyzing 198, 490 BAC-end sequences representing a
random sampling of the genome. The pBrSTR repeats matched 826
(0.42%) of the total BAC-end sequences. Of the identiﬁed sequences
containing the repeat, 350 bp of 420 repeats were selected, assembled
using ClustalW, and further analyzed with the MEGA software. The
sequence comparison revealed high sequence identity (an average of
89% [SD 5%]) and a close nucleotide pairwise distance (0.094). Despite
this high sequence conservation, nucleotide substitutions and InDels
were observed at many different positions in the repeats. Phylogenetic
analysis of the repeats identiﬁed two major clades representing class I
and class II repeats (Fig. 7). The class I repeats most commonly
represented 384 of the 420 repeats studied (91.4%), whereas the class II
repeats were not commonly observed, representing only 36 of the 420
repeats (8.6%). The class I repeats appear to have extensively diverged.3.7. Characterization of telomeric repeats in diploid Brassica species and R.
sativus
Telomeres of diploid Brassica species and R. sativuswere analyzed by
Southern blotting with the Arabidopsis-type telomere repeat sequence
(TTTAGGG)n. Telomere size was found to vary between species. The
ranges of telomere length were estimated to be 1.5 to 5.0 kb for B. rapa,
2.0 to 3.0 kb for B. nigra, 1.2 to 6.0 kb for B. oleracea, and 1.5 to 3.0 kb for
R. sativus (Fig. 8A). The length of the A. thaliana telomere was estimated
to range from 2.0 to 5.0 kb, a value that is consistent with previous data
[37] (Fig. 8A). This result demonstrates that telomere size has changed
through evolution within Brassica species.
Telomeric regions within the diploid Brassica species and R. sativus
were also characterized using FISH (Fig. 8B). FISH signalswere relatively
weak in B. rapa, B. nigra, and R. sativus but weremoderate in B. oleracea,
and these results correspond to the greater telomere lengths in
B. oleracea. Interestingly, strong telomeric repeat signals were also
identiﬁed in the interstitial regions of six chromosomes (arrows in
Fig. 8B5) of B. oleracea. Of these six chromosomes, three exhibited
interstitial telomere-like repeats (ITRs) on both chromosome arms
(arrows in Fig. 8B5). In connectionwith localization of telomeric repeats
in interstitial regions, a homology-based search also revealed that ITRs
were co-distributed with CentBr repeats in large insert DNAs of
B. oleracea (GenBank accession number: AC183496) and B. napus
(AC236792) (Fig. S9), respectively. This suggests a localization of ITRs in
pericentromeres of Brassica species. This result is in contrast toHasterok
et al. [20], who found the Arabidopsis-type telomeric repeat hybridized
Fig. 7. Divergence of pBrSTR repeats in the B. rapa genome revealed by phylogenetic
analysis. The phylogenetic tree was generated using 420 copies of 350-bp repeats by
the neighbor-joiningmethodwith the Kimura two-parameter option. Boot-strap values
were calculated from 1000 replicates.
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greater sensitivity of repeat detection in our experiment.
4. Discussion
Repetitive DNA sequences, including tandem repeats, dispersed
repeats, retroelements, and telomeric repeats, are responsible for the
heterogeneity in genomesize and composition. Thus, repetitiveDNA is a
major contributor toplant chromosomestructure. The repetitiveDNA in
the genome is also important for evolutionary, genetic, taxonomic, and
applied studies. Evolutionary relationships among plant species can be
investigated by examination of the repetitive sequences. Thus, we
examined the molecular and cytogenetic characteristics of the major
repetitive DNA sequences on pericentromeres, subtelomeres, and
telomeres, in order to study the relationship among Brassica relatives,
R. sativus, and A. thaliana.
4.1. Centromeric tandem satellite repeats
Centromeres in B. rapa are represented by CentBr1 and CentBr2
[17,18]. The repeats have diverged as evidenced by the loss of the
intrinsic speciﬁc enzyme recognition site (Sau3AI) in CentBr1 and some
nucleotide substitutions. In addition, their biased distribution on B. rapa
chromosomes has been identiﬁed. In this study, we demonstrated
signiﬁcant variation of CentBr repeats in different Brassica species,
suggesting that the Brassica centromeres may have undergone relatively
rapid evolution within the different genomes. The observation of the
intensity of FISH signals in the major Brassica species revealed that
CentBr1 repeats were relatively more abundant than CentBr2 repeats(Fig. 2) except for in the B. oleracea ssp. italica, B. carinata, and R. sativus,
indicating that the former repeat is the most common type in the
majority of Brassica species. Interestingly, no CentBr repeats were
detected in the Brassica B-genome, probably implying the accumulation
of extensively diverged centromeric satellite repeats in the genome. We
also found that while CentBr hybridization pattern was uniform across
different subspecies of B. rapa (B. rapa ssp. pekinensis, B. rapa ssp. oleifera,
andB. rapa var. brown sarson), signiﬁcant variationof CentBr FISH signals
were detected in different four subspecies of B. oleracea analyzed
(Table 3). In general, CentBr1 repeats appear to be highly abundant in the
four subspecies as shown in B. rapa. However, in comparison with FISH
patterns in B. oleracea ssp. capitata and B. oleracea ssp. italica, the number
of CentBr1 repeat site was reduced in B. oleracea ssp. botrytis (a pair of
chromosome) and oleracea ssp. acephala (two pairs of chromosomes),
indicative of the quantitative reduction of CentBr1 repeats in the two
subspecies. Interestingly, the number of CentBr2 repeat site was highly
variable among the four subspecies. In particular, B. oleracea ssp. capitata
and B. oleracea ssp. italica have more than two times as many sites
exhibiting strong FISH signals as B. oleracea ssp. botrytis and oleracea ssp.
acephala. In particular, CentBr2 repeats in B. oleracea ssp. italica are likely
to be a fewmore abundant thanCentBr1 repeats in it.Moreover, there is a
decreasing preference for chromosomal distribution of CentBr1 and
CentBr2 repeats. Such expansion of CentBr2 repeats is likely to be
species-speciﬁc. Additionally, variation of CentBr2 repeat sites has
nothing to do with known phylogenetic relationship among the four
subspecies. Besides diploid species, of the amphidiploids, different
subspecies of B. juncea showed variation of CentBr repeat sites on
A-genome-derived chromosomes. These results indicate that although
CentBr repeats are highly conserved in Brassica and Raphanus species,
their abundances in centromere regions are very polymorphic among
species or chromosomes. This result implies that thedivergenceof CentBr
may result from concerted evolution of repeats and their ﬁxation in a
speciﬁc genome or chromosomes [38]. The presence of polymorphic
subclasses of centromeric repeats has also been reported in Arabidopsis,
maize, and rice where the centromere repeats were found to be
differentially localized to different chromosomes [35,39,40].
4.2. Pericentromere-associated retrotransposons
CRB and PCRBr retrotransposons have previously been identiﬁed in
the near centromeric regions of Brassica genomes [18]. Here, we
demonstrated that pBct and pBgt have diverged from the previously
characterizedCRBandPCRBr, respectively, andhaveadistinct distribution
pattern, despite the high sequence similarity. When pBct and CRB were
compared, CRB was found in all centromeres of the genus Brassica [18],
while pBct was not detected on some of the B-genome-related
chromosomes within B. juncea and B. carinata (Figs. 4G and I; Table 3).
This result indicates that pBct is likely to have been lost from some
chromosomes of the Brassica B-genome following the divergence of the
Brassica A/C and B genome lineages. PCRBr was previously detected in
pericentromeric heterochromatin blocks of four chromosome pairs of
B. rapa,B. juncea, andB. napus, indicating that this sequencewas speciﬁc to
the Brassica A-genome [18]; however, we found that pBgt was conserved
in thepericentromeric regionsofB. rapa, B. nigra,andR. sativusbutnot inB.
oleracea (Fig. 4; Fig. S5). From these data,we suggest that pericentromeric
retrotransposons such as CRB, pBct, PCRBr, and pBgt have been
differentially accumulated in the genomic regions of different species
after their divergence from the common ancestor.
We also demonstrated that pBcts are inserted into the CentBr repeat
arrays of B. rapa. This result is consistent with previous studies of
Arabidopsis, rice, and maize [39–41], suggesting that insertion events of
pericentromere-speciﬁc retrotransposons into centromeric tandem re-
peat arrays may contribute to substantial structural changes in the
centromeric regions during evolution. Unlike pBcts, pBgts were rarely
inserted into dense CentBr repeat arrays, indicating their presence in
centromere-distal regions. This investigation will offer insight into
Fig. 8. Identiﬁcation of length (A) and chromosomal location (B) of telomeres in diploid Brassica species and R. sativus. (A) The following samples were subjected to Southern blot
hybridization: (1) B. rapa ssp. pekinensis, (2) B. nigra, (3) B. oleracea ssp. capitata, (4) R. sativus, and (5) A. thaliana. Each genomic DNA sample was digested with TaqI, separated, and
transferred to nylon membranes. Filters were hybridized with the synthetic telomere probe (TTTAGGG)n. (B) For FISH, the synthetic telomere probe was hybridized to the
metaphase chromosomes of B. rapa ssp. pekinensis (B1), B. nigra (B2), B. oleracea ssp. capitata (B3), and R. sativus (B4). (B5) The arrowheads indicate interstitial telomere-like repeats
(ITRs) observed on the metaphase chromosomes of B. oleracea.
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184 D.-H. Koo et al. / Genomics 97 (2011) 173–185understanding the structural divergence of centromeres of Brassica
species and inferring their evolution.
4.3. Subtelomeric tandem repeats
In this study, we identiﬁed the novel subtelomere-associated
satellite repeats pBrSTR, pBnSTR, and pBoSTR in the diploid Brassica
species. The repeats were not conserved in the close relative R. sativus
or in A. thaliana, indicating that these repeats are species-speciﬁc
tandem repeat DNA. Interestingly, although relatively high sequence
similarity was found among the repeats, these sequences appear to
have evolved in a genome-speciﬁc manner with characteristic
sequence variation among Brassica A, B, and C genomes. The pBoSTR
repeat was conserved only in the C and A genomes, while the pBnSTR
repeat was found only in the B genome. This result implies that these
two repeats have diverged according to the Brassica lineage. In
comparison with pBoSTR, pBrSTR was present only in the A genome,
indicating that this sequence is another type of diverged class and an
A-genome-speciﬁc repeat. This notion was supported by phylogenetic
analysis for pBrSTR repeats, which revealed that these repeats have
extensively diverged in the A-genome with two major clades.
Interestingly, our FISH analysis for pBrSTR and pBoSTR repeats
revealed that these sequences co-localized on the subtelomeric
regions within one arm of three chromosome pairs for B. rapa and
B. oleracea, suggesting that pBrSTR and pBoSTR repeats are major
repeats of the subtelomeres of the A-genome. Based on these results,
we suggest that the diversity of these repeats shows independent
evolution in the speciﬁc lineage and genome and concerted evolution
of repetitive DNAs. In accord with these results, similar studies have
described lineage- or genome-speciﬁc divergence of subtelomeric
repeats in Oryza (TrsA repeat) [42] and Aegilops species (pGc1R-1
repeat) [43].
We also identiﬁed the type and size of telomeric repeats in Brassica
and Raphanus species. The telomeric DNAs of Brassica and Raphanus
species were composed of Arabidopsis-type TTTAGGG-type repeats. The
Arabidopsis-type telomere has been found in most ﬂowering plants
[1,44]; however, several reports indicated that the repeat motif was not
ubiquitous. For example, in the Alliaceae family, an alternate to the
TTAGGG motif was found, and in other cases, loss of the TTAGGG
telomeric sequence was identiﬁed [45,46]. Although the Arabidopsis-
type repeat is well-conserved in Brassica and Raphanus species,
telomere sizes varied between those species, and this size variation
had no correlation with the genome sizes. Interestingly, in comparison
with the telomere sizes of cereals (12–15 kb), tomato (30–60 kb), and
tobacco (60–160 kb) [1,44], Brassiceae and Arabidopsis appear to have
relatively short telomeres with approximately 1.2 to 6.0 kb of DNA.
Additionally, comparison of FISH signals in the telomeres of Brassica and
Raphanus species showed that a predominant abundance of telomeric
sequences was found in B. oleracea.
Interestingly, unlike B. rapa, B. nigra, and R. sativus, the telomeric
sequences of B. oleracea were observed in some interchromosomal
regions (Fig. 8C1). The presence of interstitial telomere-like repeats (ITRs)
in interchromosomal regions of B. oleracea indicated that the B. oleracea
genome has undergone chromosomal rearrangements such as end-
fusions or segmental duplications [47], which would be a very effective
process in chromosome evolution leading to speciation. In addition,
Biessmann et al. [48] proposed that ITRs are correlated with general
genomic instability, including the creation of recombination hotspots,
chromosomal breakage, and subsequent telomere-mediated healing.
Therefore, the observation of ITRs in B. oleracea provides important
evolutionary evidence for past telomere-mediated chromosome rearran-
gements after divergence from a common ancestor of the genus Brassica.
In summary, the DNA repeats presented in our study are core
constituents of Brassica heterochromatin. While the repeats were
found to be generally conservedwithin Brassica, some species-speciﬁc
divergence was observed. These differences include the absence ofCentBr in the Brassica B-genome, the divergence of CentBr1 and
CentBr2 in Brassica species, the absence of pBgt in the Brassica
C-genome, and the Brassica lineage-speciﬁc divergence of the 350-bp
subtelomeric tandem repeat. Our results provide a framework for the
detailed analysis of heterochromatin during the whole-genome
sequencing of Brassica and related species. The chromosomal
locations and abundance of repetitive heterochromatin in Brassica
species and R. sativus provide insight into chromosome evolution in
these species. Overall, these results demonstrate that Brassica species
have highly dynamic genomes that reﬂect the great phenotypic
diversity and plasticity of the Brassicaceae.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2010.12.002.
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